The effect of the administration of nimodipine (1 f-lg kg-I min-I), initiated 5 min after occlusion of a middle cerebral artery (MCA), upon cerebral haemody namics ([14Cjiodoantipyrine autoradiography) and neuro pathological outcome (volume of histologically ischaemic tissue) was investigated in anaesthetized rats. Measure ments were made of the level of local CBF (LCBF) in a total of 37 neuroanatomically defined areas, either ipsi lateral or contralateral to the occluded vessel, and the autoradiograms were examined using a new approach to quantitative densitometry that employed a frequency dis tribution analysis of the CBF in sections of the brain at different coronal planes. Both methods of analysis showed that nimodipine, administered after the isch aemic event, did not modify the pattern of CBF distri-
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The outcome of an ischaemic insult may be im proved by the prevention of CBF falling below a critical threshold or by increasing the tolerance of neuronal cells to the ischaemic insult. It is sug gested that both of these can be achieved by cal cium antagonists because calcium is crucially in volved both in vasomotor events in cerebral vessels and in the evolution of irreversible damage at the cellular level (Siesjo, 198 1).
Among various calcium antagonists, nimodipine
is a potent relaxant of cerebral vessels (Brandt et aI., 198 1; To wart, 198 1) and is known to increase CBF without affecting cerebral metabolism (Harper et aI., 198 1; Haws et aI., 1983; Mohamed et aI., bution after MCA occlusion, The extent of ischaemic brain damage was determined by histological examina tion, There was no evidence that the extent of ischaemic damage, either in sections at eight different coronal planes or in overall volume, was significantly different in animals that received nimodipine from that observed in animals that received only the vehicle used to dissolve the drug, The lack of cerebral circulatory and neuropath ological alterations when nimodipine administration is initiated after occlusion of the MCA is contrasted with the higher levels of LCBF and the reductions in the volume of ischaemic tissue that were found when nimo dipine was administered before occlusion of the artery. Key Words: Cerebral ischaemia-Cerebrovascular circu lation-Nimodipine. 1984, 1985a) . In a previous study, we demonstrated that nimodipine infusion, initiated 30 min before in duction of ischaemia, ameliorated the subsequent reductions in CBF after occlusion of the rat middle cerebral artery (MCA) and also reduced the amount of ischaemic brain damage (Mohamed et aI., 1985b) .
The effect of a drug may be different depending upon whether it is given before or after ischaemia, and in clinical practice treatment often can be started only after the insult. The aim, therefore, of the present investigtion was to discover the effect of nimodipine, administered after the onset of ischaemia, on local CBF (LCBF) and on the extent of histopathological abnormality produced by oc clusion of the rat MCA. The studies employed a new method of analysis of LCBF in auto radio graphic sections, which was found to be particu larly suited to the neuroanatomically disordered patterns of flow characteristic of focal cerebral ischaemia and which used frequency distribution analysis to measure the amount of cerebral tissue within different flow ranges.
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MATERIALS AND METHODS
Surgical preparation
Adult male Sprague-Dawley rats, weighing 320-415 g, were anaesthetized with 2% halothane, and a trachaeos tomy was performed. The animals were mechanically ventilated with a nitrous oxide-oxygen mixture (70%:30%) together with 0.5% halothane. Polyethylene catheters (15 cm long) were inserted into both femoral arteries and veins to allow the continuous monitoring of blood pressure, the repeated sampling of arterial blood, and the administration of drug and radioactive tracer. Ventilation was controlled to maintain PaCO Z between 34 and 41 mm Hg and Paoz was kept above JOO mm Hg by adjusting the inspired gas mixture. The body temperature was monitored by a rectal thermometer and the animals were maintained normothermic (-37°C) by external heating.
The proximal portion of the MC A was permanently oc cluded by a modification of the microsurgical technique developed in our laboratories (Tamura et aI., 198Ia) . To ensure adequate depth of anaesthesia halothane concen tration was increased to I % during the surgery. After partial removal of the temporalis muscle, but without re moving the zygomatic arch, the animals underwent a left subtemporal craniectomy. The stem of the MC A was electrocauterized just medial to the olfactory tract, and was cut to ensure the completeness of the vascular occlu sion. After the surgery, anaesthesia was maintained with 0.5% halothane.
Measurement of LCBF
LCBF was measured with the [14Cliodoantipyrine quantitative autoradiographic technique described by Sa kurada et al. (1978) . Fifty microcuries of [14Cliodoanti pyrine in 1.5 ml of physiological saline was infused via the venous catheter over 30 s. During infusion of the tracer, timed blood samples were collected from the arte rial catheter on preweighed filter paper disks. The animal was decapitated -30 s after the start of the tracer infu sion. The brain was removed quickly and frozen in iso pentane (-42°C), and then sectioned (20 j.Lm) in a cryostat ( -22°C). Autoradiographs were prepared by ex posing the brain sections with 12 precalibrated meth acrylic standards (range 44-1,475 nCi/g) to x-ray films (Kodak ORS) in x-ray cassettes for I week. Local cere bral 14C concentrations were determined by densito metric measurements using a computer-based microden sitometer system (Quanti met 720; Cambridge Instru ments) and by reference to the precalibrated standards. The filter paper disks containing the arterial blood samples were reweighed, and the volume of blood in each was calculated from an assumed specific gravity of 1.05 g/ml. Blood 14C concentration was determined by liquid scintillation counting after allowing 24 h in the counting media for complete elution of the isotope from the filter paper.
LCBF was calculated utilizing the equation derived originally by Kety (1951) from the concentration of [14Cliodoantipyrine in discrete regions of the brain, from the brain-blood partition coefficient for the tracer (0.8), and from the history of the tracer in arterial blood during the experimental period.
The initial approach to densitometry was that custom arily employed in the analysis of autoradiograms. Mea surements of optical density were made at 37 neuroana-J Cereb Blood Flow Metab. Vol. 6, No.3, 1986 tomically defined sites, identified according to the atlas of Konig and Klippel (1963) . Thus, sensorimotor cortex was always measured in the vicinity of layer IV over an area of 0.07 mmz at the stereotactic plane 7.2 mm anterior to the interaural line (as permitted by the available auto radiograms) at an angle of 45° to the optic chiasma. This position was used irrespective of the heterogeneity of any flow patterns in the vicinity of the measurement. The blood flow so determined does not provide any informa tion about minimum and/or maximum levels within the entire sensorimotor cortex. For each defined region, measurements of optical density were made on six adja cent frozen sections.
Measurement of CBF at a neuroanatomical fixed point (as above) in, for example, cerebral cortex may not ade quately represent blood flow in the hetereogeneous, ana tomically variable patterns of LCBF characteristic of focal ischaemia. We therefore developed a method to de termine for a particular region of brain the parts within which CBF lay in a series of predetermined ranges.
In this procedure, we utilized a combination of the two functions of Quantimet 720, image analysis and densi tometry. First, optical densities corresponding to partic ular CBF values were calculated by reference to optical densities of radioactive standards on a film and the his tory of the artt'rial tracer concentrations. The area con cerned (cortex r caudate in these studies) was delineated on the densitonleter by means of a light pen, and the total area was recorded. By setting limits of optical densities computed to correspond to particular ranges of CBF, we obtained the size of areas corresponding to the regions within which CBF was in this range. These were then expressed as percentages of the total area. At levels of CBF of <100 ml JOO g-I min-I, the intervals of selected CBF corresponded to increments of 5 ml JOO g-I min-I; at levels of CBF of> JOO ml JOO g-I min -I, intervals of 10 ml JOO g-I min-I were employed.
Histopathology and quantification of ischaemic damage
The rats were perfusion-fixed with 40% formaldehyde, glacial acetic acid, absolute methanol (1: 1 :8, vol/vol/vol) (FAM) for the neuropathological studies. The animals were placed in the supine position and the chest opened. A cannula was passed into the ascending aorta via the left ventricle. The right atrium was incised, and physiological saline was infused briefly at the animal's MABP. This was followed by perfusion with 150 ml of FAM at the same pressure. The animals were decapitated after perfu sion, and the head was stored in FAM fixative at 4°C for at least 12 h. The brain was then removed.
Coronal slices of brain were embedded in paraffin wax, sectioned at multiple levels and stained by haematoxylin and eosin or a method combining cresyl violet and Luxol fast blue. The sections were examined by conventional light microscopy by one of us (D.LO.) who was unaware of the pharmacological treatment received by the animal. According to the histological criteria of Brown and Brierley (1968) in FAM-fixed material, areas of ischaemic damage were drawn on eight stereotactically determined coronal levels of forebrain drawn to scale from the atlas of Konig and Klippel (1963 All measurements of area were performed on the maps of these eight coronal levels, using the image analyser function of Quantimet 720. The size of each area of map was thus expressed as a picture point number. A magnifi cation factor of 360 picture points per square millimeter on the map was always used. The measurements included total area of hemisphere, cortex (levels 1-8), and caudate (levels 2-6), and areas showing ischaemic damage in the same regions. To tal volume of ischaemic damagc was then determined in the hemisphere, cortex, and caudate. This was achieved by plotting areas of damage against eight coronal levels with reference to the distance be tween the levels and calculating the volume by integra tion. The rostral and caudal limits were set at 12.2 mm A (anterior of the interaural plane) and 0.5 mm P (posterior of the interaural plane), respectively, for the hemisphere and cortex, and 9.7 and 3.4 mm A, respectively. for the caudate.
Experimental protocols
Nimodipine solution was prepared freshly on the morning of each experiment. The drug was dissolved in lutrol-glycine-water solvent (25 J.Lg ml-I). Because the substance is photosensitive, the solution was made under sodium light and the infusion catheters and syringes were covered by silver foil. The measurement of LCBr was performed 35 min after occlusion of the MCA. In five experimental animals, intravenous infusion of nimodipine (1 J.Lg kg-I min-I) was started 5 min after MCA occlu sion, and was continued for 30 min until death. In the five control animals, a similar volume of the lutrol-glycine water solvent was infused. Arterial blood samples were taken immediately before occlusion of the artery and im mediately before measurement of CBF for the determina tion of Pa02, Pac02, pH, and plasma glucose concentra tion. In the neuropathological study, animals received in travenous infusion of nimodipine (I J.Lg kg-I min -I), starting 5 min after MCA occlusion and continuing until death 4 h after occlusion. The vehicle used to dissolve the drug was infused into five control animals. Arterial blood gases, pH, and plasma glucose concentration were mea sured immediately before induction of ischaemia and I and 2 h thereafter. When MABP fell below 80 mm Hg for more than a few minutes during the observation period after MCA occlusion, the animals were excluded from the study. All experimental procedures (including surgery, pathological assessment, densitometric analysis, etc.) were conducted without prior knowledge about the allocation of nimodipine and vehicle.
Statistical analysis
All data are presented as means ± SEM. For compar ison between the control and nimodipine-treated groups, the unpaired Student t test was used. For comparison of LCBF between ipsilateral and contralateral to MCA oc clusion, the paired Student t test was used. A p value of <0.05 was considered significant.
RESULTS
General preparation
The cardiovascular and respiratory status of the control and the nimodipine-treated animals is shown in Ta bles I and 2. The MABP at the time of CBF measurement (i.e., 30 min after nimodipine infusion was started) was significantly lower in the drug-treated group than in the control. Otherwise, there was not a statistically significant difference between the two groups.
Effect of nimodipine on LCBF after MCA occlusion
The levels of CBF in 37 neuroanatomically de fined brain areas after 35 min of ischaemia are shown in Ta Data are means ± SE (n = 5), expressed as ml 100 g-I min -I. There were no significant differences between vehicle and nimodipine treatment in any region (Student's I test). a p < 0.05 for the interhemispheric comparison. i.e .. ipsilateral versus contralateral. 2% at level 7 (i.e., A 2. 18 mm). By contrast, no portion of the cerebral cortex at any level in the contralateral hemisphere displayed a CBF of �35 ml 100 g-I min-I. In nimodipine-treated animals, the areas of ipsilateral cortex with CBF of �35 ml 100 g -I min -I although slightly smaller were not significantly different from the corresponding values above for vehicle-treated animals (level 3, 17 ± 4%; level 5, 26 ± 7%; level 7, 9 ± 2S1c).
The picture of a pattern of severe circulatory dis turbance and of the minimal effects of nimodipine (posttreatment) was reinforced by consideration of the median point on the CBF distribution curve for the cortex. In vehicle-treated animals, the median value was markedly lower in the ipsilateral cor tex at each coronal level (i.e., 44 vs. 102 ml 100 g-I min-I at level 3; 45 vs. 104 ml 100 g-I min-I at level 5; 53 vs. 108 ml 100 g-I min-I at level 7). In animals treated with nimodipine after MCA occlu sion, essentially similar values were obtained (49 vs. 12 1 ml 100 g-I min-I at level 3; 47 vs. 114 ml 100 g-I min-1 at level 5; and 57 vs. 115 ml 100 g-l min -I at level 7). Effect of nimodipine on histopathological consequences after MCA occlusion All brain samples were judged to be well perfu sion fixed, as evidenced by good neuronal mor phology, the absence of intravascular blood, and the lack of cytological artefacts such as "dark cells" or "hydropic cells" (Cammermeyer, 1961; Brown and Brierley, 1968) . lschaemic damage was observed only within the territory of the occluded MCA, i.e., in the dorsolateral cortex and in the lat eral neostriatum. These areas showed the morpho logical characteristics of the ischaemic cell process described by Brown and Brierley (1968) . Neuropathological abnormalities were not found in any other brain areas.
The amount of ischaemic damage in terms of area measurement at each coronal level in the cortex and caudate nucleus is illustrated in Fig. 2 . Signifi cant differences between the control and the nimo dipine-treated groups in the area of damage were not found at any level of hemisphere, cortex, or caudate nucleus.
The volumes of ischaemic damage in the hemi sphere, cortex, and caudate nucleus in vehicle treated animals and in animals that received nimo dipine after MCA occlusion are shown in Ta ble 4.
Nimodipine initiated after the ischaemic insult did not have a significant etTect on the volume of irre versible ischaemic damage in the cerebral hemi sphere, the cerebral cortex, or the caudate nucleus (Table 4) . We believe that the timing of nimodipine admin istration relative to the production of the ischaemic insult is the most important factor for this differ ence in efficacy. but other factors need to be con sidered. First . although nimodipine was contin uously infused at the same rate (I f.Lg kg -1 min -I) in each series, the duration of treatment was dif- Data are mean, + Sf-: (n = 5). The ,mall increase in the ischaemic volume in the nimodipine-treated animals is not statistically significant (().7 / P � 0.4).
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Level 3 Caudate Nucleus Cumulative CBF mr'100g" min Level 7 Cortex ,00 . These data are derived from reanalysis of the CBF investigations of Mohamed et al. (1985a) . Only data from the hemisphere ipsilateral to MCA occlusion are shown. Nimodipine did not alter significantly the CBF pattern in either the caudate nucleus or cerebral cortex at coronal level 3. By contrast, nimodipine had significant effects upon cortical blood flow at coronal planes 5 and 7. In both these stereotactic levels, the CBF-area curves are shifted to the right with nimodipine treatment, indicating that low levels of CBF are present in a smaller fraction of the brain with nimodipine pretreatment. The difference in the response to nimodipine at level 3 compared with levels 5 and 7 indicates a lack of effect of the drug on CBF in the central core of the ischaemic lesion but with improved cerebral perfusion in more peripheral parts of the lesion in nimodipine-pretreated animals. This would render more of the brain susceptible to adverse factors such as hypotension, hypoxia, or increased glucose. We found that pretreatment with nimodipine decreased the area of severe ischaemia and also decreased the volume of brain in which "marginal" flow levels «35 ml 100 g-I min-I)
were found. Furthermore, this shift of the whole area-CBF curve to the right was greatest at cor onal levels away from the centre of the ischaemic core, i.e., the region that has the greatest potential for improvement. Unfortunately, the present study shows that treatment with nimodipine started within as short a time as 5 min after the production of the focal ischaemic lesion was ineffective. 
